Electrolytic production process for solar-grade Si utilizing liquid Si-Zn alloy cathode in molten CaCl2 has been proposed. Toward the establishment of the process, the behavior of liquid Zn metal was investigated in molten CaCl2 at 1123 K. The evaporation of Zn metal was largely suppressed by an immersion into molten salt, which enables the use of Zn electrode in spite of the high vapor pressure of Zn. The cyclic voltammetry suggested the reduction of SiO2 at 1.45 V vs. Ca 2+ /Ca on a Zn cathode. After the potentiostatic electrolysis at 0.9 V, Si particles with diameters of 2-30 µm were precipitated in the solidified Zn matrix by the slow cooling process of the produced liquid Si-Zn alloy. The alloying rate between solid Si and liquid Zn was measured as 4.56 μm s −1 , and it linearly decreased with the Si content in liquid Zn phase.
Introduction
Photovoltaic (PV) power generation has been developed as one of the key technologies that can mitigate the energy and environmental issues. For examples, there were several national projects in 1970s such as Sunshine Project by Ministry of International Trade and Industry (MITI) in Japan and Federal Photovoltaic Utilization Program by Department of Energy (DOE) in the United States. Since then, the situation has drastically changed in this decade; the increased installation of the PV cells promoted by the political and financial supports in various countries, the broadened usage from the conventional electronic calculator and independent power source to the large scale power station, and the diversification of the solar cell materials. Accordingly, the production volume of PV cells has increased in 21st century by a factor of more than 100; 285 MW in 2000 and 36,100 MW in 2013 [1] . Non-silicon materials occupied only 0.4% of the production volume of solar cells in 2000, and reached 7.6% in 2013 because of the compound-type solar cells such as CdTe type and Cu-In-Ga-Se (CIGS) type [1] .
As a matter of course, the PV cell installation will increase more and more in the future as one of the key technologies for environmental issues and diversification of energy source. In the light of the solar cell materials, compound-type solar cells have drawbacks for mass production because the production capacities are limited by the supply of the component materials obtained as byproducts in nonferrous metallurgy. For instance, the production capacity of CdTe solar cells are at most 6 to 8 GW per year owing to the supply capacity of Te [2] , and 20 to 30 GW for CIGS solar cells. Therefore, crystalline Si solar cells are most likely to be continuously a main stream of the PV industry in the long run.
High-purity Si used for crystalline Si solar cells are called as a solar-grade Si (SOGSi), which exceeds the purity of 5N-7N. Siemens process [3] [4] [5] [6] utilizing H2 reduction and/or thermal decomposition of trichlorosilane (SiHCl3), which is the current production process of SOG-Si, was originally developed for a manufacture of a semiconductor-grade Si (SEG-Si, 11N-12N purity) for large scale integrated circuits (LSIs). Due to the reaction kinetics of silane gases, Siemens process has inherent drawbacks of low productivity and low energy efficiency. To develop a next generation production process of SOG-Si, various types of production or refining processes of Si, which can overcome the low productivity of the conventional Siemens process, have been investigated: H2 reduction and/or decomposition of silane-based gases in improved Siemens-based processes, metallothermic reduction of silicon halides by metal reductants such as zinc and aluminum, and purification of metallurgical-grade Si (MG-Si; 98-99% purity) using metallurgical purification methods [7, 8] . Recently, the fluidized bed reaction (FBR) of monosilane (SiH4) in REC Silicon and SunEdison Samsung Fine Chemicals, and upgrading metallurgical-grade Si (UMG) using various refining techniques have been operated in a mass scale [9] .
In our group, the direct electrolytic reduction of solid SiO2 to Si has been studied in molten CaCl2 at 1123 K as a new type of electrochemical reaction [10] [11] [12] . In this method, electrochemical reduction of insulating SiO2 proceeds by the use of a SiO2 contacting electrode which gives a three-phase interface between conductor/SiO2/molten salt. 
We also proposed that the combination of the electrolytic reduction of purified SiO2 and a directional solidification refinement is a potential method to realize the low-cost production of SOG-Si [13, 14] . Recently, in order to improve the productivity of the process, we have studied the electrochemical reduction of SiO2 granules set on the bottom cathode in molten CaCl2 on the analogy of the Hall-Héroult Al production process [15] . By many research groups including us, the direct electrochemical reduction of SiO2 has been widely investigated for SOG-Si production [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . However, the recovery of the powdery Si product from mixture of Si, SiO2 and CaCl2 is one of challenges. Since the separation between solid product and molten salt is an inherent problem for molten salt processes, the cathodic products are usually manufactured in the liquid state for the easiness of the subsequent recovery in the practical production processes of Li, Na, Mg, and Al metal, and rare earth alloys. Thus, we expected that a utilization of liquid Si alloy cathode would be a solution for the SOG-Si production process in molten CaCl2.
A typical recovery method of a certain metal from liquid alloy utilizes the principle of a solubility decrease upon temperature lowering. A well-known industrial process is the simultaneous metallurgical production of Zn and Pb called as the Imperial Smelting Process (ISP). When the liquid Si alloy cathode is applicable to the electrolytic reduction of SiO2 in molten salt, there are many advantages such as the easy separation of Si from molten salt and unreacted SiO2, and the easy transfer from the electrolysis cell. Further, since metallurgical-grade Si can be refined by a solidification of liquid Si alloys [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] , high separation ability is expected in the Si precipitation process from liquid alloy, in which impurities are enriched in the liquid phase.
As an alloying element for Si which gives liquid alloy, Zn, Sn, Pb, and Al are candidates because they have no intermetallic compounds with Si. Their characters are summarized in Table 1 [50] [51] [52] [53] [54] [55] [56] [57] . Although Al looks promising due to the larger solubility at the electrolysis temperature, the removal of Al soluted in Si phase is difficult even to 100 ppm, which were reported in the electrolysis of SiO2 on Al cathode [28] and the refining of low-purity Si utilizing Si-Al alloy [35] [36] [37] [38] [39] . Considering many factors, we selected Zn as an alloying element because the lower boiling point and smaller distribution coefficients are advantageous for obtaining high-purity Si products after vacuum refining and directional solidification in the final step. Figure 1 shows a schematic illustration of the proposed process for SOG-Si production utilizing a liquid Si-Zn alloy cathode in molten salt. The overall process is composed of three major processes: an electrolysis process, a precipitation process, and a refining process. In the electrolysis process, solid SiO2 is reduced to form Si-Zn liquid alloy on the cathode.
Figure 2(a) and 2(b) shows the whole range and Zn-rich side of the phase diagram for the Si-Zn system [52] , respectively. Here, the temperature and composition changes in the proposed process are indicated in Fig. 2(b) with the arrows. The solubility of Si in liquid Zn is 6 at% at 1123 K. The Si-Zn liquid alloy produced at the bottom of the electrolysis cell is separated from the molten salt due to the density difference, and is transferred to the precipitation process. In the precipitation process, metallic Si is recovered by lowering the temperature.
Si-Zn (l, high Si conc.) → Si (s) + Si-Zn (l, low Si conc.)
When the temperature is lowered to 923 K, the solubility is also lowered to 1 at%-Si, thus, solid Si of 5 at% with reference to Zn is recovered. After the precipitation process, the Si-Zn alloy with low Si concentration is reused as the cathode in the electrolysis process. The produced Si is further transferred to the refining process. An ingot of SOGSi is manufactured by a directional solidification of the Si treated after leaching and vacuum refining.
This process is expected to have several advantages in terms of productivity and purification ability. In contrast to the Siemens process, the proposed process can be operated semi-continuously, which contributes to the high productivity. High purification efficiency is expected in the two-times segregation step; the deposition of solid Si from Si-Zn liquid alloy in the precipitation, and the precipitation of solid Si from liquid Si in the refining processes. Low distribution coefficients for the impurity elements, which mean the high purification ability, are reported both for the precipitation from liquids of metallic Si [57] and alloys of Si-Al [35] [36] [37] [38] [39] , Si-Cu [40, 41] , Si-Sn [42, 44] , Si-Fe [45] [46] [47] , Si-Ni [48] , and Si-Na [49] . Furthermore, the remaining Zn can be easily removed to several ppms even by the evacuation techniques used more than 30 years ago [58] . More complete removal of Zn is possible by using the advanced vacuum refining technology. In this study, fundamentals on the electrolysis process, namely, the evaporation of Zn metal in molten CaCl2, the electrochemical reduction of SiO2 on Zn cathode, and alloying rate for the Si-Zn system, were investigated at 1123 K. The effect of immersion into molten CaCl2 on evaporation behavior of Zn metal was analyzed. Regarding the electrochemical behavior of liquid Zn electrode, Kipouos et al. reported the electrolysis of Ca-Zn liquid alloy in molten CaCl2-CaO-CaF2 system at 973-1023 K [59] . However, the electrode potential was unclear because the two-electrode system was employed. In the present study, we investigated the effective potential range for the production of SiZn alloy in the electrolysis of SiO2 granules on Zn electrode. Furthermore, the alloying rate was studied to estimate the rate-determining step on the electrochemical reaction on Zn electrode.
Experimental Evaporation of Zn
The evaporation rate of Zn in an Ar atmosphere at 1123 K was measured by the weight change of Zn metal (Kojundo Chemical Laboratory Co., Ltd., 99.9999%, grains, 5.4~5.6 g) set at the bottom of a silica tube (outer diameter (o.d.); 12.5 mm, inner diameter (i.d.); 10.5 mm) with/without the addition of CaCl2 (Kojundo Chemical Laboratory Co., Ltd., 99% up, 5.4~5.6 g or 8.2~8.4 g). The samples dried under vacuum at 453 K for 24 h were contained in a silica tube in a glove bag under an Ar atmosphere. Then, a balloon was set to the open end of the tube with a paraffin film to maintain the atmosphere. The tube was inserted to a silica chamber (i.d. 127 mm, height 403 mm) in an electric furnace maintained at 1123 K, and was left for a given period of time. The tube was pulled out in one minute, and then cooled at room temperature. The Zn sample was weighed after water washing and drying. In the case that the separation of Zn sample from the silica tube was difficult, its weight was calculated from the values before and after leaching treatment with 1M HCl solutions. The Zn content in the molten salt was analyzed by inductively coupled plasma atomic emission spectrometry (ICP-AES: Thermo Scientific, iCAP 6200 Duo) for a solution prepared by dissolving 0.1 g of recovered CaCl2 into HNO3 solution. Figure 3 shows the schematic illustration of the electrochemical apparatus. 350 g of CaCl2 was charged in an alumina crucible (Nikkato Corp., SSA-S grade, o.d. 87 mm, i.d. 80 mm, height 129 mm) and dried under vacuum at 453 K and 773 K for 24 h, respectively. All the electrochemical experiments were carried out in a dry Ar atmosphere at 1123 K. Electrochemical behavior was investigated by cyclic voltammetry and potentiostatic electrolysis using a newly designed liquid Zn electrode. [61] at 1123 K, respectively. The counter electrode was a graphite rod (Tokai Carbon Co., Ltd., dia. 5.0 mm). An Ag + /Ag electrode was used as a reference electrode [17] . In the cyclic voltammetry, an in-situ IR compensation using the electrochemical measurement system was carried out with a compensation ratio of 95% which was the highest value in the range without bringing potential instability. The sample after potentiostatic electrolysis was recovered from the cell in one minute, followed by cooling at room temperature. The samples contained in the alumina tube were cut into halves, and were polished with emery paper (#240, 400, 600, 1000, and 2000) and buffing compound (Micro Polish II, 0.3 µm, Buehler). The analysis was carried with scanning electron microscopy, (SEM; Keyence Corp., VE-8800) and energy-dispersive X-ray spectroscopy (EDX; AMETEK, EDAX Genesis APEX2). For some experiments, Si lumps were added to liquid Zn pool to prepare Si-Zn alloys. Si samples were immersed to the Zn pool or Si-Zn pool for a fixed duration time, and then pulled out to be cooled at room temperature. After washing of the adhered salt with water, the thickness or diameter of the Si specimens before and after the immersion was measured by a micrometer.
Electrochemical behavior
, i.d. 1.0 mm) was used to an electric lead. Purified SiO2 grains (Taiheiyo Cement Corp
Results and discussion

Evaporation of Zn
Prior to the electrochemical experiments, to eliminate the concern that metallic Zn is not utilized as a liquid electrode because of the immediate evaporation at the temperature close to its boiling point; the vapor pressure of Zn at the electrolysis temperature of 1123 K is 0.54 atm [50] . Thus, evaporation behavior of Zn immersed in molten CaCl2 was measured. Figure 5 shows the photographs before and after the evaporation experiments at 1123 K for 6 h. When only Zn metal was set at the bottom of the tube in Ar atmosphere, a considerable amount of Zn deposits was observed at the upper part of tube inside where the temperature was lower (Fig. 5(a-2) ). These deposits result from the evaporation and transport from the liquid Zn in the gas phase. On the other hand, in the presence of molten CaCl2 layer of 5.4-5.6 g, solidified CaCl2 and Zn layers were observed and no deposit was formed at the upper part as shown in Fig. 5(b-2) . The position order of these layers is determined by the density, and the layer thickness is as large as the calculated values (Zn; 10 mm, CaCl2; 31 mm). The weight loss of Zn metal in the experiments with/without the presence of molten CaCl2 over liquid Zn is summarized in Table 2 and plotted in Fig. 6 (a) with reaction time. The graph obviously shows that the evaporation is significantly suppressed by the presence of molten salt above liquid Zn metal. In both cases, the weight of Zn metal almost linearly decreases with time. The evaporation rate determined by the slope of the plot is 1.90×10 −1 g cm −2 h −1 when only Zn metal was used. The rate greatly decreased to 4.45 × 10 -3 g cm -2 h -1 (0.023 times) with the presence of molten salt, which corresponds to the evaporation rate of 0.18 mm day -1 . Thus, the evaporation of Zn metal covered with molten CaCl2 is found to be negligibly small when it is used as a cathode in the electrolysis process in spite of the high vapor pressure of Zn. and 2.75×10 −3 g cm −2 h −1 , respectively. Since the concentration of Zn in molten CaCl2 after the reaction for 24 hours at 31 mm thickness was 0.91wt% determined by ICP-AES, Zn metal is thought to firstly dissolve to the molten salt and then evaporate at the interface between the gas and molten salt after the transport in the melt. As shown in Fig.  6(b) , the rate of weight loss varies inversely as layer thickness of CaCl2. Thus, the diffusion in the molten salt is likely the rate determining step. Figure 7 shows the cyclic voltammograms for a liquid Zn electrode with/without SiO2 granules. The solid curve for Zn metal only indicates the negative current around 50 mA cm −2 from the rest potential (1.48 V) and the sharp current increase at 0.9 V. Since Ca and Zn forms a liquid phase over the all composition range at 1123 K [62] , this current is supposed to be due to the formation of liquid Ca-Zn alloy. To confirm the reaction, the Zn electrode was galvanostatically electrolyzed at −1.06 A cm −2 for 30 min. The opencircuit potential immediately after the electrolysis was 0.35 V. When the sample was analyzed by EDX, the composition of the surface zone was determined to be 90 at%Zn-10 at%Ca. This value agrees with the calculated value from the reported activity coefficient of Ca in liquid Ca-Zn alloy at 1073 K under Henry's law [63] . Incidentally, Ca content was lower than the detection limit of EDX in the samples obtained by potentiostatic electrolysis at 0.90 V, which is explained by smaller quantity of electricity compared to the galvanostatic electrolysis. From the above results, the reduction current observed at more negative than 0.9 V is attributed to the formation of liquid Ca-Zn alloys.
Electrochemical behavior
Zn (l) + y Ca 2+ + 2y e − → ZnCay (l)
The broken curve in Fig. 7 shows the voltammogram for the Zn electrode after the addition of SiO2. While the rest potential is almost identical before the addition of SiO2, the larger cathodic currents of 100 mA cm −2 are observed during the scan to the negative direction. Thus, the formation of Si-Zn alloy is expected between 0.9 V and 1.45 V. Here, the onset potential of SiO2 reduction on the liquid Zn cathode (1.45 V) is more positive compared with that on a Mo electrode (1.25 V) [16] , which is explained by the lower activity of Si in the Zn-Si alloy.
On the basis of the voltammertic results, potentiostatic electrolysis was conducted for a liquid Zn electrode after adding SiO2 granules with a diameter of 0.1 mm at 0.90 V for 5.5 h in molten CaCl2 at 1123 K. The sample was observed after cross-sectioning in the vertical direction. Figure 8 (a) and (b) show cross-sectional optical and SEM images of the sample after the electrolysis, respectively. The precipitated grains are observed only at the upper part of the Zn electrode. As shown in the magnified SEM image in Fig. 8(c) and EDX analysis, Si particles with a diameter of 2~30 µm are deposited in Zn matrix. According to the Si-Zn phase diagram [52] , solubility of Si in liquid Zn metal is 6.0 at% at 1123 K and it becomes negligibly small in solid Zn at room temperature. Thus, it is reasonable to conclude that SiO2 was electrochemically reduced to form liquid Si-Zn alloy (reaction (5)), and that Si particles were precipitated during the cooling process. The Si precipitated particles were observed only at the upper part because they floated and aggregated in the liquid phase due to the smaller density. Figure 9 shows the photographs before and after the alloying experiments at 1123 K for different immersion time. After the experiments, Zn was not found on the surface of the recovered Si plate by both direct observation and EDX analysis. The liquid alloy formed at high temperature was probably removed during pulling out through the molten CaCl2 layer. From the photos in Fig. 9 , the decrease of plate thickness by the dissolution of Si is clearly observed in direct observation even after the immersion for 2 seconds. For the Si plate reacted for 60 seconds, the whole immersed portion was completely disappeared. Since the alloying reaction proceeds at both the sides of Si plate, the reduced thickness was evaluated as a value for one side, which is listed in Table 3 . As shown in Fig. 10 , the thickness of the plate linearly decreases with the immersion time, and the alloying rate is determined to be 4.56 µm s -1 from the slope of the plots.
Alloying reaction between solid Si and liquid Zn
The similar measurements were conducted for Si-Zn alloy pools with different Si concentrations, and the results are summarized in Table 3 and Fig. 10 . The decrease of alloy formation rate is observed with the Si concentration in liquid alloy. Here, the alloy formation rate (valloy) is plotted in Fig. 11 
The extrapolation indicates that alloy formation rate becomes zero at 6.0 at%Si, which agrees with the solubility in liquid Si-Zn alloy [52] . This fact suggests that the alloying reaction is controlled by the diffusion of Si atoms in the diffusion layer between solid Si and liquid Zn. The diffusion of Si in liquid Zn is expected to be fast in the order of 10 , the diffusion layer thickness, l, is calculated to be 145 μm at the reaction time, t', at 1.05 seconds by using the relation of . Thus, the plots in Fig. 10 does not show a parabolic relation but a linear. In order to estimate the rate-determining step of electrochemical reduction of SiO2 using liquid Zn electrode, the alloying rate is compared with the reaction rate in other steps involved in the reaction. According to our previous studies, the reduction rates are estimated from the results at the reaction time of 300 s in molten CaCl2 at 1123 K as 2.1 µm s -1 [18] and 0.27 µm s -1 [16] for the surface and inner directions of solid SiO2, respectively. Furthermore, the reaction for the inner direction becomes slower with the electrolysis time because the diffusion length for the O 2− ions in the porous Si layer becomes larger. Thus, the larger alloy formation rate than the reduction rates suggests the fast removal of the porous Si layer formed at the outermost surface of the SiO2. This behavior is similar to the removal of Nd-Fe liquid alloy from the surface of iron cathode in the rare earth electrometallurgy [66] . The removal of the surface layer retarding the diffusion of O 2− ions would to lead to the continuation of the fast reaction which was confirmed to be equivalent to 0.7 A cm −2 in the Hall-Héroult process using molten salt electrolysis [20, 21] . 
Conclusions
The electrolytic production process of SOG-Si utilizing liquid Si-Zn alloy in molten CaCl2 was proposed. The presence of molten salt above a liquid Zn layer significantly suppressed the evaporation of Zn. The evaporation rate at 1123 K was 0.18 mm day −1 ,which is enough small to use as a liquid Zn cathode. The reduction of SiO2 granules on the Zn cathode to form liquid Si-Zn alloy was suggested to proceed from 1.45 V vs. Ca 2+ /Ca and confirmed at 0.9 V. The alloy formation rate of solid Si and liquid Zn was measured to be 4.56 μm s −1 at 1123 K, which indicates the potential of fast reduction of SiO2.
